Purpose: Patients presenting with nodal Merkel cell carcinoma without an identifiable (unknown) primary lesion (MCC-UP) are nearly twice as likely to survive compared with similarly staged patients with known primary lesions (MCC-KP). The basis of this previously reported finding is unclear.
Introduction
Merkel cell carcinoma (MCC) is a highly aggressive skin cancer with a relative mortality of 46% (1) , making this disease approximately 3 times as deadly as malignant melanoma on a per case basis. Although rare ($2,000 new cases per year in the United States), the incidence has dramatically risen over the past 25 years due to improved detection methods and increased prevalence of risk-factors for MCC (2) (3) (4) . Among patients presenting with palpable or scan-detectable regional lymph nodes at the time of MCC diagnosis (macroscopic nodal disease; stage IIIB), one third to half of patients do not have a detectable skin primary. Several studies have documented that among stage IIIB patients with MCC, those presenting with an unknown primary tumor (MCC-UP) have significantly improved survival as compared with stage IIIB patients with known primary tumors (MCC-KP; refs. [5] [6] [7] [8] [9] . The magnitude of this survival benefit ranges from 60% to 70% decreased chance of death if no primary lesion is present (5, 6, 8) .
Several reports postulate that regression of the primary lesion may be attributable to immune-mediated mechanisms (5, 8, 10) ; however, limited evidence has been published to support this notion. Importantly, despite two etiologically distinct mechanisms (11) of MCC development (viral versus ultraviolet carcinogenesis), nearly all MCCs are highly immunogenic. In the majority of cases (80%), the Merkel cell polyomavirus (MCPyV) is clonally integrated in MCC tumors and persistent expression of the immunogenic MCPyV large and small T-antigens drive oncogenesis in these virus-positive tumors (12) . The 20% of MCCs that are MCPyV-negative are induced via UV-mediated mutagenesis and harbor very high mutational burdens with UV signatures (10, 11, 13) . In multiple malignancies, high mutational burdens have been associated with immunogenicity and response to immunotherapy, likely through generation of neoepitopes (14) . Importantly, both virus-positive and -negative MCCs have shown remarkable response rates to immune checkpoint inhibitor therapy, providing the strongest evidence that both virus-positive and -negative MCCs are immunogenic and responsive to immune mediated regression (15) .
In this study, we report significantly improved survival of patients presenting with both virus-positive and -negative MCC-UP, and we probe the relationship between immunity and MCC-UP presentation. We demonstrate that MCC-UP patients have enhanced immune function and significantly higher tumor mutation burdens than MCC-KP patients.
Materials and Methods

Patient selection criteria
All studies were performed in accordance with Helsinki principles and approved by the Institutional Review Board at the Fred Hutchinson Cancer Research Center (IRB # 6585). All patients included in this study provided informed consent for enrollment in this IRB-approved database.
In our repository of 1,099 MCC patients, 407 were enrolled within 180 days of diagnosis of histologically confirmed MCC between June 1, 2006 and December 9, 2015 ( Fig. 1 ). The median overall survival was significantly reduced and disease-specific death was increased in patients referred to UW more than 180 days after initial diagnosis; therefore, to prevent selection bias, patients enrolled >180 days after diagnosis were excluded from analysis. In addition, we have previously reported improved outcomes among MCC-UP patients from a separate de-identified Kaiser Permanente Northern California cohort of patients. There is 1 patient (<1%) that we are aware of that was included in both cohorts, and although additional overlap is possible as patients were de-identified from the Kaiser Permanente group, we estimate that this number does not exceed 5 ($4%). Staging was performed as per AJCC 7 th edition guidelines (1) . The analysis was then restricted to 123 patients diagnosed with regional nodal (stage IIIB) and distant metastatic (stage IV) MCC and who had a primary status, diagnosis date, and date of last follow-up. As per guidelines, patients were classified as stage IIIB if they presented with clinically evident (via scan or physical exam) nodal involvement from skin-draining nodal basins without evidence of distant disease. Patients were classified as stage IV if they presented with clinically evident nodal disease in non-skin-draining lymph nodes or with visceral metastatic disease. All patients received at least two comprehensive skin exams, including one at the Seattle Cancer Care Alliance and at least one or more at outside facilities to determine primary status presentation. Enrollment criteria for patients with stage IIIB or IV MCC. Patients included in the analysis were enrolled within 180 days of their diagnosis of stage IIIB or IV MCC as defined by AJCC 7th edition criteria. All patients had clinical information on the presence or absence of a primary lesion and the time points necessary to calculate survival. 123 patients met all selection criteria with breakdowns as shown in terms of stage and primary lesion status.
Translational Relevance
Numerous reports show that Merkel cell carcinoma (MCC) patients presenting with nodal disease without detectable (unknown) primary skin lesions have approximately 50% improved survival as compared with similarly staged patients with skin lesions. This finding will be incorporated into the new staging system for MCC (active as of January 1, 2018). Here, we also show a significant survival difference among MCC-unknown primary (MCC-UP) patients presenting with distant metastatic disease. In addition, this is the first report to our knowledge to explore potential mechanisms underlying MCC-UP presentation. Here, we found that MCC-UP patients have higher levels of tumor-specific antibodies and higher tumor mutational burdens, suggesting enhanced tumor immunogenicity and immune-mediated clearance of primary skin lesions. In the era of immune checkpoint blockade therapy, it may be that MCC-UP patients respond differently to these immune-based agents and therefore should be examined in future studies.
Serological evaluation, viral status, sample preparation, and tumor whole-exome sequencing
Serological testing for antibodies against the MCPyV T-antigen oncoproteins was performed on 103 patients as previously described (16) at the University of Washington Clinical Immunology Laboratory and these results are shown in Table 1 . Only patients with virus-positive tumors produce these antibodies (16) (17) (18) , therefore all tumors from patients who tested serologically positive (n ¼ 57) were considered virus-positive. The remaining 46 patients tested were serologically negative, however, because roughly half of seronegative MCC patients do in fact have virus-positive tumors (16, 17) , additional testing was done on patients with available tumor samples (n ¼ 21). Viral status was evaluated in these patients using qPCR detection of viral DNA and IHC staining using the CM2B4 (SC136172; Santa Cruz Biotechnology; ref. 19 A previous study by Goh and colleagues (11) performed wholeexome sequencing (WES) on 16 tumors (10 from MCC-UP and 6 from MCC-KP) enrolled in our cohort and determination of the number of somatic nonsynonymous mutations was performed as previously described. UV and age-related mutational signatures were defined according to Alexandrov and colleagues (21) . C to T transitions that are characteristic of UV-induced mutational signatures were counted as follows. The fastq files were aligned with ELAND, and somatic mutations were called using previously published algorithms (11) . Each mutation, such as a C>T, was called accordingly. C>T's that occur on neighboring nucleotides were noted as CC>TT transitions. Aside from UV-and age-associated mutational signatures, several other signatures were identified; however, none were consistently represented across samples and therefore these were condensed into`other' as described previously (11) .
Statistical analysis
Analyses were completed using STATA software, version 11.0 and Prism software, version 6 with a statistical significance threshold of 5%. Comparisons of ordinal variables between MCC-KP and MCC-UP groups were performed using the Mann-Whitney test. Comparison of categorical variables in Table 1 were performed using the Fisher exact test. MCCspecific survival was defined as the length of time between the date of diagnosis (defined as date of first biopsy confirming MCC) and the date of death caused by MCC. Fine and Gray's proportional sub-hazards model was used to evaluate competing-risks and calculate MCC-specific survival significance and hazard ratios in both the univariate and multivariate setting. The competing-risk was death by all causes except MCC. Overall and recurrence-free survival were defined as the length of time between the date of diagnosis (defined as date of first biopsy confirming MCC) and the date of death by any cause or the development of recurrent disease. Overall and recurrencefree survival was analyzed using a Cox-proportional hazards model. Patients for all survival analyses were censored by date of last contact. Multivariate analyses for stage IIIB patients controlled for age at diagnosis, sex, MCPyV oncoprotein antibody serological status and having received radiation therapy or chemotherapy. For stage IV patients (n ¼ 20), multivariate analysis was limited to age at diagnosis and sex because of the small samples size and the fact that not all characteristics could be assessed on all 20 patients.
Results
Characteristics of MCC-UP and MCC-KP patients
Among the 123 evaluable patients who were diagnosed with stage IIIB and stage IV MCC, 51 (41%) presented with MCC-KP and 72 (59%) presented with MCC-UP (Table 1 ). These 123 patients were followed for a collective 471.5 person-years and a median of 1.5 years per patient following diagnosis. When evaluating potential demographic characteristics associated with MCC-UP and MCC-KP presentation, we found no statistically significant difference in sex, age at diagnosis, MCPyV oncoprotein serological status, MCPyV viral status, treatment with radiotherapy, or treatment with chemotherapy between MCC-UP and MCC-KP patients ( Table 1) .
Differentiation of regional versus distant metastatic MCC without a primary
The definition of regional (stage III) versus distant (stage IV) disease in MCC-UP patients who present with only nodal involvement (i.e., no visceral metastasis) has not been clearly established to the best of our knowledge. In this study, we defined MCC-UP patients presenting with nodal disease within skin-draining lymph node basins as stage IIIB (regional), while patients presenting with deeper, non-skin-draining nodal disease were classified as stage IV (distant; Fig. 2A ). Notably, skindraining lymph nodes could potentially be sites of distant metastases; however, in the absence of a detectable primary tumor it is impossible to determine whether these lesions represent regional or distant disease. Using this classification, among MCC-UP patients presenting with only nodal disease, stage IIIB patients had significantly improved MCC-specific survival (HR, 3.98; P ¼ 0.003) relative to stage IV MCC-UP patients ( Fig. 2B ), suggesting that this dichotomy identified a meaningful difference in risk.
Patients with regional nodal (stage IIIB) MCC-UP have improved survival
To determine survival differences between MCC-UP and MCC-KP patients, Kaplan-Meier curves were used to evaluate MCCspecific, overall and recurrence-free survival for stage IIIB (Fig. 3A -C). Among living stage IIIB patients, the median follow-up time was 2.2 years for MCC-UP and 1.4 years for MCC-KP patients. This difference in follow-up time is largely due to a significant difference in survival between these two groups. Indeed, the MCCspecific survival among stage IIIB patients was dramatically improved for MCC-UP patients as compared with MCC-KP patients at 2 years (80% vs. 45%) and 5-years (66% vs. 30%; P < 0.001; Fig. 3A ) with an overall reduced risk of death by MCC of 70% (HR, 0.297; P < 0.001; Table 2 ). Similarly, overall ( Fig. 3B ) and recurrence-free survival (Fig. 3C) were also significantly improved for MCC-UP patients. Specifically, stage IIIB MCC-UP patients had a 70% reduction in the risk of death from any cause or MCC (HR, 0.300; P < 0.001) and a 64% reduced risk of recurrence when compared with MCC-KP (HR, 0.358; P ¼ 0.001; Table 2 ). This clinically and statistically significant improvement in survival among MCC-UP patients persisted on multivariate analyses controlling for age at diagnosis, sex, MCPyV-oncoprotein serological status, treatment with radiation therapy, and treatment with chemotherapy ( Table 2) .
Patients with distant metastatic MCC-UP also have improved MCC-specific survival A dramatic survival difference was also observed in patients with distant metastatic MCC without a primary lesion, with MCC-UP having improved MCC-specific survival as compared to MCC-KP patients at 2 years (59% vs. 0%; P ¼ 0.038; Fig. 3D ). A 5-year follow-up time point was not reached. The median follow-up time for stage IV MCC-UP was 1.5 years as compared with 0.8 years for MCC-KP. On multivariate competitive-risks regression also accounting for age at diagnosis and sex, presenting with stage IV MCC-UP was associated with a remarkable 79% decreased risk of MCC-specific death when compared with presenting with stage IV MCC-KP (HR, 0.219; P ¼ 0.045; Table 2 ). MCC-UP patients Patients with node-only disease Figure 2 .
Patients with skin-draining lymph nodes have improved survival compared with patients with nodal disease in non-skindraining nodes. A, Representative skindraining lymph nodes that were classified as stage IIIB and non-skindraining lymph nodes that were classified as stage IV. B, MCC-specific survival for patients presenting with node-only disease. Sixty-one patients were classified as stage IIIB with skindraining lymph nodes and unknown primary lesions while 9 patients were classified as stage IV with non-skindraining lymph nodes and no primary lesions (2 stage IV MCC-UP patients were excluded due to presentation with visceral metastasis). also had significantly improved overall survival despite a similar rate of recurrence ( Supplementary Fig. S1 ).
Patients with MCC-UP have intact immune function and higher oncoprotein antibody titers
Within our cohort, 12 patients presented with profound immune suppression (i.e., HIV, CLL, organ transplant). Among those without immune suppression, 72 of the 111 patients (65%) presented with MCC-UP at diagnosis whereas among those with immune suppression, 0 of 12 (0%; P < 0.001) presented without a primary lesion (Fig. 4A) . Given the variable nature of human disease, we were unable to control for the relative degree of immune suppression between various immune-suppressed patients and could not determine the relative impact of various forms of immune suppression on survival. However, to verify that the disproportionately higher number of MCC-KP patients presenting with immune suppression was not the underlying cause of the reduced survival we observed, survival analyses were also performed excluding all cases of immune suppression (n ¼ 92; Supplementary Fig. S2 ). Survival analyses for stage IIIB patients excluding those with immunosuppression retained statistical significance on univariate and multivariate analysis (Supplementary Fig. S2 ; Supplementary Table S1 ). For stage IV patients, overall and MCC-specific survival retained statistical significance on univariate analysis but became only marginally non-significant on multivariate analysis (n ¼ 19; MCC-specific survival: P ¼ Supplementary Table S1 ).
Overall, these data strongly suggest that immune competence correlates with MCC-UP presentation and immunosuppression does not appear to explain the difference in prognosis between MCC-UP and MCC-KP patients. An additional marker of an MCPyV-specific immune response is the presence of antibodies specific to the MCPyV oncoproteins which can be detected in most virus-positive MCC patients (but are almost never present in healthy controls; ref. 17 ). Among MCC patients who produce MCPyV oncoprotein antibodies (n ¼ 57), MCC-UP patients had significantly higher median antibody titers (26, 229) compared with seropositive MCC-KP patients (3,492, P < 0.001; Fig. 4B ), suggesting that MCC-UP patients experienced more robust humoral immune responses than MCC-KP patients.
MCC-UP patients have a higher tumor mutational burden than patients with MCC-KP
It has been documented that higher mutational loads within tumors (including melanoma, colorectal, and several types of lung cancer) are associated with an increased prevalence of tumorassociated neoantigens, enhanced immunogenicity, and ultimately improved response to immune-based therapies (14) . We hypothesized that the improved survival advantage observed among MCC-UP patients may be correlated with higher tumor mutation burdens resulting in increased neoantigen presentation and immunogenicity as compared with tumors from MCC-KP patients. Previously, WES was performed on 16 tumors, which included 10 MCC-UP and 6 MCC-KP patients enrolled in our cohort (11) . Analysis of these cases revealed that MCC-UP tumors harbor a significantly higher median number of nonsynonymous mutations (688/tumor) than MCC-KP tumors (10/tumor, P ¼ 0.016; Fig. 5A ). As anticipated, virus-negative tumors (filled in symbols) overall harbor significantly higher mutation burdens than virus-positive tumors (open symbols). When evaluating mutation burden among virus-positive cases independently, patients presenting with MCC-UP have higher mutational loads than MCC-KP tumors [25 vs. 7 nonsynonymous single somatic nucleotide variations (nSSNV) per tumor, respectively; P ¼ 0.029]. This trend was also observed among virus-negative tumors with MCC-UP tumors having a median of 1,041 nSSNV's per tumor as compared to MCC-KP tumors with a median of 310 nSSNV's per tumor. Although this comparison in virus-negative tumors did not achieve statistical significance, potentially due to low sample numbers, the 3-fold difference observed between these two subgroups strongly suggests that this is a meaningful distinction.
Discussion
Here, we report that among patients presenting with nodal disease, those with MCC with an unknown primary (MCC-UP) had a striking 70% reduced risk of death from MCC as compared with MCC-KP patients. We show that unknown primary status is also relevant for outcomes among patients presenting with distant metastatic (stage IV) disease. In addition, we examined the relationship between MCC-UP presentation and immune function. MCC-UP patients never presented with immune suppression, had elevated MCPyV oncoprotein antibody titers and presented with a strikingly higher median number of tumor-associated nonsynonymous exome mutations as compared with patients presenting with MCC-KP. Mutational analyses further revealed UV-signature mutations in virus-negative tumors even among patients presenting with MCC-UP, indicating that these nodal lesions did arise from primary skin disease. These findings collectively suggest that enhanced immune function may underlie the development of MCC-UP through elimination of the primary skin lesion.
Our findings, indicating improved survival among nodal MCC-UP patients are highly consistent with several previous reports that also indicate a 60% to 70% reduced risk of death from MCC (5, 6, 8) . Other reports have speculated that regression of the primary lesion may be immune-mediated (5, 8, 10) ; however, there has been little evidence to support this theory. Therefore, we investigated differences in immune function and tumor immunogenicity between MCC-UP and MCC-KP patients. We found a statistically significant difference in the incidence of immunosuppression among MCC-UP and MCC-KP patients. This suggests that immune function is protective in MCC and may be contributing to regression of the primary lesion. While we saw no examples of MCC-UP arising in immunosuppressed patients (among 72 patients), there are in fact isolated cases in the literature. These include 2 reported cases of MCC-UP occurring in patients who received organ transplantation, and 3 with HIV (7, 9) . These five cases were reported among a total of 90 that were drawn from largely independent case reports, and therefore likely reflect a publication bias that might tend to over emphasize this less common scenario in which MCC-UP can develop in patients with suppressed immune function (7, 9) . In addition, our finding that MCC-UP patients have higher oncoprotein antibody titers at the time of diagnosis may reflect a more robust immune response against MCC (16) . Notably, serological status was included as a parameter in our multivariate survival analyses and overall oncoprotein seropositivity was not found to be statistically different between MCC-UP and MCC-KP patients, indicating that simply the presence of an antibody response is not associated with MCC-UP presentation. Rather, the magnitude of the response as reflected by the antibody titer is associated with MCC-UP presentation, suggesting that these antibody titers reflect augmented immunity.
Indicating that the tumors themselves may be more immunogenic in MCC-UP patients, we found that these tumors harbor significantly higher mutational burdens than MCC-KP tumors. High mutational burdens have been shown to elicit robust immune responses against neoantigens in several tumor types (14) . Therefore, higher mutational loads among MCC-UP tumors may reflect enhanced neoantigen presentation, thereby enabling immune-mediated clearance of the primary lesions and improving survival. Notably, higher mutational loads among MCC-UP tumors relative to MCC-KP tumors were observed among both virus-negative and virus-positive subsets of MCC, though statistical significance was only achieved within the virus-positive group. This was surprising in the setting of virus-positive tumors because they have a much lower mutational burden (median 11 per tumor) than virus-negative tumors (864.5 per tumor). This finding suggests that the presence of even these small numbers of neoantigens within the virus-positive MCCs (median 25 for MCC-UP and 7 for MCC-KP) may significantly enhance immune activity even for these MCC tumors known to express highly antigenic viral oncoproteins. Future investigation into differences in T-cell infiltration and function between tumors from MCC-UP and MCC-KP patients could provide additional insight into the immunological underpinnings of unknown primary presentation.
Our study also has important implications relating to the origin of MCC-UP tumors. It has been proposed that nodal disease observed in MCC-UP patients originated within the nodal basin instead of on the skin (22) . Here, we provide strong evidence that virus-negative MCC-UP tumors are skin derived based on the finding that when these tumors present in a lymph node they have high-levels of UV-signature mutations (ref. 21 ; namely C to T transitions: Fig. 5B) .
Notably, MCC is not the only cancer in which unknown primary presentation is associated with improved survival. A recent systematic review of melanoma presenting with an unknown primary (MUP) reported a reduced risk of diseasespecific death among stage III and stage IV disease (17% and 15% reduction respectively; ref. 23 ). Like MCC, it is postulated that MUP presentation is immune mediated. Although there is currently limited evidence to link immune function and MUP presentation, one study indicated that MUP patients were 1.9-fold more likely to either present or develop vitiligo during follow-up than patients with a known primary site (24) . This suggests that a specific anti-melanocytic immune response is correlated with clearance of the primary tumor (24) . Importantly, the markedly reduced relative risk of dying from MCC observed among MCC-UP (70%) as compared with MUP (17%) suggests that MCC may be a more immune-responsive disease. This notion is supported by the higher response rates to checkpoint inhibition observed in MCC (15, 25) . Importantly, we do not believe that the survival advantage observed among MCC-UP patients is attributable to differences in initial treatment, including immune-based therapies. In all but one case, initial treatment was via standard therapies (surgery, radio-and/or chemotherapy) and these parameters are included within our multivariate analyses that indicated no significant difference in initial treatment between MCC-UP and MCC-KP patients. Notably, we did not include recurrent disease treatment modalities within our multivariate analysis because the probability of developing a recurrence is significantly affected by the initial presentation of a primary lesion (i.e., MCC-KP patients were significantly more likely to recur). Of note, 17 patients within our cohort who developed recurrent disease received various immune-based therapies ( Supplementary Table S2 ). However, there was no association between receiving immunotherapy and presentation with a primary lesion (24.2% of MCC-UP and 23.7% of MCC-KP patients received immunotherapy for their subsequent recurrence). To date, the most effective immunotherapies for treating MCC are PD-1 checkpoint inhibitors (15, 25) and of the 6 patients treated with these agents, all 6 presented with a known primary lesion. Therefore, any benefit that immunotherapy had on improving survival in this cohort would potentially reduce the survival advantage associated with MCC-UP presentation.
Our study had several limitations. Because of the retrospective nature of this study, some patients' records were not complete or could not be obtained. Notably, there was likely referral and selfselection bias due to the tertiary, highly specialized nature of our multidisciplinary program. As a result, our cohort has a slightly higher proportion of MCC-UP (59% of stage IIIB) as compared with other cohorts (32%-55%; refs. 5, 6, 26) . The classification of MCC-UP status was based upon at least two comprehensive skin exams, including one by the initially diagnosing physician and one at the referral or tertiary site. It is possible, however, that diagnoses of other skin cancers were in fact missed cases of MCC. Based upon our prior experience with reviewing pathology records and pathological evaluation of other tumor biopsies at the time of MCC diagnosis, we estimate that misdiagnosis of other skins cancers as MCC occurs in fewer than 5% of cases. Importantly, the survival data for stage IIIB patients in our cohort closely resembles previously published reports (5-7, 26, 27) , indicating that the survival difference observed between MCC-UP and MCC-KP patients is likely not attributable to recruitment bias or consistent misdiagnoses of other skin lesions within this cohort.
In addition, although MCC is increasing in incidence it remains an uncommon disease. Therefore, although our study size of 123 is large for advanced MCC, only 20 patients presented with stage IV disease, limiting conclusions that can be drawn from this small subgroup. Most notably, when evaluating the presence of visceral disease among stage IV patients, 3 of 11 (27%) MCC-UP patients presented with visceral involvement, while 7 of 9 (78%) MCC-KP presented with visceral disease. Therefore, we cannot conclude whether presentation with an UP versus a KP affects survival when accounting for the presence of visceral disease because of the small sample size. Ideally, unknown primary status would be evaluated among patients with stage IV node-only disease separately from stage IV patients with visceral disease; however, the size of our study prevents this distinction. A reasonable interpretation is that KP disease is more likely to spread and persist successfully in key organs; however, further evaluation of these findings in a larger cohort is necessary.
Importantly, there are several clinically relevant implications of these findings. Multiple independent groups have corroborated that patients presenting with nodal MCC-UP have significantly improved survival. Therefore, unknown primary status is now being used to prognostically stratify patients in the recently released AJCC 8 th edition staging system to more accurately reflect their improved outcomes (10) .
Our results also support additional changes for future staging revisions. First, we show that there is a statistically significant survival difference between patients presenting with nodal involvement of skin-draining basins only as compared to those presenting with non-skin-draining nodes. We therefore propose that MCC-UP patients presenting with only skin-draining nodal involvement should be classified as regional (stage III) whereas those with involvement of non-skin-draining nodes should be classified as distant metastatic (stage IV) disease. Second, further investigation into the survival advantage observed among stage IV MCC-UP patients may improve prognostic accuracy for patients with distant metastatic disease.
Finally, it is possible these findings may have implications for the appropriate management of patients presenting with MCC-UP. Although there are limited therapeutic options for late-stage MCC patients, the use and availability of immune-based therapies is rapidly increasing. Checkpoint inhibitors, including anti-PD-1, have remarkable efficacy in treating both virus-positive and -negative MCC (15) . The likely link between immune function and unknown primary status suggests that unknown primary status and response to immune therapies should be examined in future studies.
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